The effects of humic acid on poliovirus type 1 recovery from water by Zeta Plus 60S filters were investigated. The humic acid interfered by preventing virus adsorption to the filters, and the interference increased as a function of the amount of humic acid filtered. Humic acid decreased virus adsorption when filtered before the virus, but did not elute virus which had adsorbed to the filters. The effects on virus recovery were not due to alterations in virus titer or neutralizability. The addition of AICl3, which improved virus recovery by electronegative filters in the presence of humic acid, did not aid in overall virus recovery by the Zeta Plus filters in the presence or absence of humic acid. However, the salt and humic acid in combination improved virus adsorption and concurrently reduced virus elution efficiency. The addition of NaH2PO4 had no direct effect on virus recovery and did not alter the effect of humic acid. In an attempt to identify the components of humic acid responsible for the interference, humic materials were fractionated by size by using Sephadex gel chromatography and dialysis, and the fractions were tested for interfering activity. Interference was not associated with specific size fractions of the humic materials.
The effects of humic acid on poliovirus type 1 recovery from water by Zeta Plus 60S filters were investigated. The humic acid interfered by preventing virus adsorption to the filters, and the interference increased as a function of the amount of humic acid filtered. Humic acid decreased virus adsorption when filtered before the virus, but did not elute virus which had adsorbed to the filters. The effects on virus recovery were not due to alterations in virus titer or neutralizability. The addition of AICl3, which improved virus recovery by electronegative filters in the presence of humic acid, did not aid in overall virus recovery by the Zeta Plus filters in the presence or absence of humic acid. However, the salt and humic acid in combination improved virus adsorption and concurrently reduced virus elution efficiency. The addition of NaH2PO4 had no direct effect on virus recovery and did not alter the effect of humic acid. In an attempt to identify the components of humic acid responsible for the interference, humic materials were fractionated by size by using Sephadex gel chromatography and dialysis, and the fractions were tested for interfering activity. Interference was not associated with specific size fractions of the humic materials.
Viruses are generally present in low concentrations in natural waters, if at all, and are not usually detected by the direct assay of water samples. Adsorption to microporous filters and recovery in the filter eluate is a common approach to the problem of concentrating virus particles from large volumes of water. The virological quality of the water is determined by titration of the concentrates, directly or after further processing. The detection of viruses in water is dependent on the efficiencies of the several steps used in their recovery from water, as well as on the final system used for their enumeration.
Methods for recovering viruses from water are plagued by a lack of reproducibility, due to both experimental problems and the variety of waters which are tested. One source of this variability is the presence of water contaminants, which vary in type and quantity, even in water from a single source. The investigation of their individual and combined effects on virus recovery is necessary for a better understanding of the concentration processes and the factors which may interfere with recovery.
Chemical components dissolved in natural waters can reduce virus recovery by microporous filters (1). Soluble organic materials found in water have been implicated as major constituents responsible for interference with virus adsorption to positively and negatively charged filters (23) . A large fraction of the soluble organic content of natural waters consists of humic and fulvic acids, which are complex, amorphous, highly colored hydrophilic acids (22) . The fulvic acids are generally more abundant in water and have more oxygen-containing functional groups and a smaller size distribution than the humic acids (26) . The two types of organic acids are generally separated on the basis of their differential solubility in acid, since the fulvic acids are more acid soluble than the humic acids. The major functional groups in both types of acids are similar, although their relative abundance may vary (6, 16, 25, 28 (11, 24) and negatively (7, 11, 12, 24) charged microporous filters. The effects of the humic materials on virus recovery were different for different filter types and sources of humic substances. Using four filter types, we previously investigated the effects of a commercial humic acid and a fulvic acid extracted from peat on poliovirus recovery (11, 12) . Fulvic acid did not affect virus recovery by any of the filters, although it was adsorbed by the two positively charged filters tested (Zeta Plus and Seitz). In contrast, humic acid had a marked effect on adsorption; most of the virus was found in the filtrate at high concentrations of humic acid. The electronegatively charged filters (Balston and Cox) were more sensitive to lower concentrations of humic acid than the electropositively charged filters. Even at high input concentrations of humic acid, the electropositive filters were able to adsorb a large fraction of the seeded virus. This paper is a further exploration of these phenomena, in an attempt to better understand the nature of the inference with poliovirus adsorption by positively charged microporous filters.
MATERIALS AND METHODS
Virus and virus growth. Poliovirus type 1 (Brunhilde strain) was grown and titers were determined by plaque assay in BGM (Buffalo green monkey kidney) cells as described previously (12) .
Humic materials. Commercial humic acid (Aldrich Chemical Co., Inc., Milwaukee, Wis.) and fulvic acid extracted from Hula Valley peat (the kind gift of P. loselis and R. Ikan) were prepared and quantitated by A280 as described previously (11, 12, 15) .
Virus concentration methods. Virus concentration by adsorption to and elution from microporous filters was as described previously (11, 12 Neutralization. Antiserum against poliovirus type 1 was prepared by the injection of purified virus into rabbits and used at a neutralizing dilution of 1:300 as described previously (13) . Neutralization was performed by incubating 0.5 ml each of serum and virus in the presence of humic materials for 1 h at 37°C at pH 7, followed by titration by plaque assay.
RESULTS
Humic acid interference during filtration. Humic acid was previously found to reduce virus recovery by Zeta Plus filters when interference was monitored by assaying the filtrate for virus after filtration of the entire sample (11) . This gave an overall value for the fraction of virus which was not adsorbed by the filter in the presence of humic acid. It was found that with 100 mg of humic acid per liter in the input water, an average of 60% of the virus was recovered in the total filtrate (11). Thus, the major effect of the humic acid was to prevent virus adsorption to the filter. This type of experiment did not test whether the interference was constant throughout, owing to virus-humic acid interactions in solution, or whether the interference increased during the course of the filtration, owing to the buildup of humic acid on the filter.
To differentiate between these possibilities, we monitored virus adsorption by Zeta Plus filters during filtration by sampling the filtrate for virus every 15 s, or every 150 to 200 ml of water filtered. Experiments were carried out with 0, 10, or 100 mg of humic acid per liter in the input water, with only the latter concentration expected to influence virus adsorption to the filters (11) . The results ( Fig. 1) showed that, in the presence of 100 mg of humic acid per liter, the virus appeared in the filtrate in increasing amounts during filtration, but little or no virus was detected in the filtrate of the other samples. The maximal concentration of virus in the filtrate was in the last fraction, reaching 77% of the input virus, while the total filtrate contained 42% of the input virus. Thus, the interference with virus adsorption was a function of the cumulative amount of humic acid which passed through the filter and was not primarily due to the direct interaction of virus and humic acid in solution.
For the experiments described below, the quantity of humic acid available was limited. It was necessary to determine the minimum volume of a standard humic acid solution which would substantially reduce virus adsorption to the filters. In addition, the results could further confirm the conclusion that at a given humic acid concentration, the interference increased with the amount of humic acid filtered. Virus was seeded into 70-mg/liter humic acid, and volumes ranging from 100 to 400 ml were filtered through Zeta Plus filters. Virus recovery in the filtrate increased to 30% of the input virus when the water volume reached 400 ml, with 26% of the virus in the eluate (data not shown).
Previous experiments at this concentration of humic acid with 1 liter of input water resulted in the recovery of 43% of the virus in the eluate and 61% in the filtrate (11 contrast, when the first sample contained humic acid at an interfering level, virus in the second sample was recovered in the filtrate as well as in the eluate. As shown by the previous experiments, this level of humic acid (35 mg) would be expected to interfere with virus adsorption had the virus and humic acid been filtered together.
It should be noted that, with the exception of the watervirus samples, the total virus recovery was lower than expected, with approximately 60% found in the two fractions assayed. It is thus possible that there was some interference with elution as well. However, in these experiments it is unlikely that elution interference was due to the buildup of virus-humic acid strata, since the two were filtered separately.
Effect of humic materials on virus titer and neutralization. To investigate whether the virus recovery calculations were biased by direct effects of humic acid on virus titer, we determined virus titers in the absence of humic materials and in the presence of a wide range of concentrations of humic or fulvic acid (Table 2 ). The fulvic acid was included as a control and was previously found not to affect virus concentration efficiency (11) . The samples were also tested for neutralizability by incubation with antiserum against poliovirus type 1, to test the possibility that the humic acid coated the virus particles, preventing antibody recognition. The humic acid did not interfere in a consistent way with the virus titer. The average titer of all the samples containing humic acid was 50 + 12 PFU, the same titer as the sample without humic acid. All the samples were neutralized by antibody. The fulvic acid samples had a similar average titer (45 + 11 PFU), although there was a slight trend to decreasing virus titer with increasing fulvic acid. The decrease was not substantial, and the titers of the samples with fulvic acid were not outside of the range found for the humic acid.
Combined (9, 18) . The relative amounts of humic acid and fulvic acid in the void volume under the conditions used for fractionation are shown in Table 4 . For the humic acid, approximately half was excluded by the G-25 column, while a smaller fraction was excluded by the G-200 column. A precise determination of the sizes of the excluded fractions cannot be made, since molecular weight cutoffs (5,000 for G-25 and 600,000 for G-200) determined for proteins or dextrans may not be relevant for the humic materials (14) . In addition, the relative proportions of the included and excluded fractions are influenced by the specific conditions used for elution (9, 10) .
The fulvic acid patterns were similar to those of the humic acid, although the fractionations were carried out at different pH values. At the higher pH the fulvic acid had a larger high-molecular-weight fraction than at the lower pH, in agreement with published reports (9) . Even at the higher pH, the pattern of the fulvic acid indicated that it had a smaller average size than the humic acid, in keeping with the generally smaller size reported for fulvic acid (19, 26) .
The humic and fulvic acid fractions which eluted in the void volumes were used in virus concentration experiments. The included volumes were discarded since the gels have been reported to include higher-molecular-weight material along with the smaller components, apparently as a result of nonspecific interactions between the humic materials and the cellulose gels. The void volume, however, is considered to contain mainly the high-molecular-weight components (10) .
Experiments were carried out with the humic fractions at concentrations proportional to their portion of the total material, relative to a standard of 70 mg of unfractionated humic acid per liter. This was based on the assumption that if the interfering activity was present solely in a particular size fraction, then the interference should be detected at a concentration corresponding to the fraction of the total humic material which it represents. Virus was added to water containing the humic fractions, and the samples were filtered through Zeta Plus filters. The results (Table 5) did not indicate that the larger-sized fractions were enriched for interfering activity. Control samples containing unfractionated humic materials showed interference with virus adsorption by humic acid but not by fulvic acid, as expected. Thus, the humic acid components interfering with virus recovery were not specifically associated with the larger-sized fractions. This did not, however, prove that the activity was restricted to the smaller-size material.
Effect of dialysis fractions on virus recovery. A second set of experiments was carried out to determine the effect on virus recovery of size fractions of humic acid, using dialysis to separate the fractions (5). Humic acid was placed in dialysis tubing and dialyzed at two different pH values. The fractions retained and released were determined (Table 6) . At the higher pH more of the humic acid was retained than at the lower pH. The retained and released fractions were added to input water samples along with virus, and their effects on virus recovery by Zeta Plus filters were determined (Table 6 ). The samples contained the humic acid fractions in proportion to their relative concentrations in the total humic acid, as described above. In this case, the only active material was that retained by the dialysis tubing at pH 9.0, which consisted of 93% of the humic acid. The interfer- (29) . Thus, the mechanism of humic acid interference with virus recovery may be dependent on both filter and input water characteristics.
Direct virus-humic acid interactions in solution, which might alter infectivity or neutralizability, were not detected at a neutral pH, in agreement with other reports that fulvic or humic acid did not influence virus titer (24) . However, it has been reported that bacteriophage MS2 can complex with fulvic acid, reducing the titer of the phage (2). This was not found to be the case with poliovirus and humic materials under the conditions used here.
The virus titration experiments also indicated a possible source for some of the variable results obtained in our concentration experiments and in those reported by other laboratories (20) . The coefficients of variation (standard deviation/mean) of the virus titers calculated from four experiments ranged from 0.02 to 0.31. This degree of variability may be expected on a statistical basis alone (4) (23) , in agreement with our results with humic acid. However, fulvic acids isolated from water were found to reduce virus recovery from these filters (24) , whereas in our hands fulvic acid had no effect. The differ with respect to their elementary composition, and the higher-molecular-weight fractions, richer in oxygen, are more oxidized than the lower-molecular-weight fractions (25) . It has also been reported that the lower the molecular weight of the humic material, the larger the number of oxidizable groups, such as phenolic and aromatic amino acids (3). An additional effect of size fractionation is the removal of low-molecular-weight contaminants, such as carbohydrates and amino acids, which are weakly associated with the humic materials (5).
Our results did not indicate that the interference with virus adsorption was associated with a particular size fraction. The larger-sized fractions from Sephadex gels, which represented a small proportion of the total humic acid, were not active by themselves in virus interference, nor was the small-sized fraction obtained by dialysis. This latter fraction probably contained microcontaminants as well (5), which were therefore not the active components of the humic acid. The only active fraction, which was retained by the dialysis tubing, was present at a concentration at which total humic acid interfered with virus adsorption. Thus, fractionation by size did not separate specific active fractions from the bulk humic acid.
Further research should clarify the role of different func- 
